By means of a series of N-body/SPH simulations we investigate the morphological properties of thick stellar disks formed through minor mergers with, e.g. a range of gas-to-stellar mass ratios. We show that the vertical surface density profile of the post-merger thick disk follows a sech function and has an excess in the regions furthest away from the disk mid-plane (z 2 kpc). This stellar excess also follows a sech function with a larger scale height than the main thick disk component (except at large radii). It is usually dominated by stars from the primary galaxy, but this depends on the orbital configuration. Stars in the excess have a rotational velocity lower than that of stars in the thick disk, and they may thus be confused with stars in the inner galactic halo, which can have a similar lag. Confirming previous results, the thick disk scale height increases with radius and the rate of its increase is smaller for more gas rich primary galaxies. On the contrary, the scale height of the stellar excess is independent of both radius and gas fraction. We also find that the post-merger thick disk has a radial scale length which is 10 − 50% larger than that of the thin disk. Two consecutive mergers have basically the same effect on heating the stellar disk as a single merger of the same total mass, i.e., the disk heating effect of a few consecutive mergers does not saturate but is cumulative. To investigate how thick disks produced through secular processes may differ from those produced by minor mergers, we also simulated gravitationally unstable gas-rich disks ("clumpy disks"). These clumpy disks do not produce either a stellar excess or a ratio of thick to thin disk scale lengths greater than one. Comparing our simulation results with observations of the Milky Way and nearby galaxies shows that our results for minor mergers are consistent with observations of the ratio of thick to thin disk scale lengths and with the "Toomre diagram" (the sum in quadrature of the vertical and radial versus the rotational kinetic energies) of the Milky Way. The simulations of clumpy disks do not show such agreement. We conclude that minor mergers are a viable mechanism for the creation of galactic thick disks and investigating stars at several kpc above the mid-plane of the Milky Way and other galaxies may provide a quantitative method for studying the (minor) merger history of galaxies.
Introduction
Ever since the existence of a thick disk component was shown by star counts in the Milky Way (Gilmore & Reid 1983) and by stellar luminosity distribution studies of external early-and late-type galaxies (Burstein 1979; Tsikoudi 1979; van der Kruit & Searle 1981a; Shaw & Gilmore 1989; Dalcanton & Bernstein 2002; Pohlen et al. 2004; Tikhonov et al. 2005) , its origin and properties have been the subject of a continuing vigorous debate. The distinctive properties of their stars, e.g. their metallicity distribution and kinematics, suggest that the thick disk is a distinct and perhaps intermediate component between the thin disk and the halo (Norris 1986; Wyse & Gilmore 1986; Sandage & Fouts 1987; Carney et al. 1989; Ratnatunga & Freeman 1989) .
A large variety of models has been proposed to explain the formation of thick disks -involving either secular heating of the disk through scattering by spiral waves (Barbanis & Woltjer 1967; Carlberg & Sellwood 1985) , molecular clouds (Spitzer & Schwarzschild 1951; Lacey 1984) , bars, self-gravitating clumps (Bournaud et al. 2009 ), or heating disk stars through external processes such as galaxy mergers, infalling clumpy gas coalescing into a thin disk, and protogalactic fragments coalescing before thin disk formation. On the other hand, a thick disk component can also be formed by violent heating and relaxation due to satellite accretion (s) or from directly accreting dynamically hot stars through mergers and interactions (Statler 1988; Hernquist & Quinn 1989; Quinn et al. 1993; Walker et al. 1996; Aguerri et al. 2001; Abadi et al. 2003; Yoachim & Dalcanton 2005; Brook et al. 2007; Villalobos & Helmi 2008 ). As recently discussed by Sales et al. (2009) and Di Matteo et al. (2010) , these different formation mechanisms should produce different signatures in the eccentricities of the stellar orbits, thus providing a potential diagnostic to disentangle the dominant formation scenarios (see Di Matteo et al. 2010; Dierickx et al. 2010; Wilson et al. 2010, and Casetti-Dinescu et al. 2010 , for a comparison of model predictions and observations). Nevertheless, the main astrophysical processes which drive thick disk formation remain unclear.
The structure, kinematics and enrichment of the thick disk provide important clues for solving the mystery of its origin. Many photometric and spectroscopic observations show that thick disk stars are generally old, and have lower metallicity and larger velocity dispersion than thin disk stars (Nissen 1995; Chiba & Beers 2000; Gilmore et al. 2002; Soubiran et al. 2003; Parker et al. 2004 ). The vertical surface density profile of thick disk stars follows a sech n profile with a scale height several times larger than the thin disk, whereas their radial profile has a scale length that is generally 1 to 2 times larger than that of the thin disk (Morrison et al. 1997; Abe et al. 1999; Dalcanton & Bernstein 2002; Neeser et al. 2002; Pohlen et al. 2004; Yoachim & Dalcanton 2005) . In models, the thick disk scale height is usually assumed to be independent of radius (Pohlen et al. 2004; Yoachim & Dalcanton 2005) , in accordance with earlier observational studies on thin and thick disk scale heights (van der Kruit & Searle 1981a,b; Shaw & Gilmore 1990; Näslund & Jörsäter 1997; Rauscher et al. 1998) . However, for a sample of 48 early-and late-type galaxies de Grijs & Peletier (1997) found an increase in disk scale height with radius, where early-type galaxies show the largest increase. Also Narayan & Jog (2002) pointed out that an increasing scale height was consistent with two of the galaxies studied by van der Kruit & Searle (1981a,b) , and that their vertical velocity dispersion distribution does not scale as twice the disk scale length with radius, thus supporting the possibility of a moderate flaring in these disks. Recently, Bournaud et al. (2009) modeled the formation of a thick disk through gravitational instabilities and pointed out that thick disks produced in this way have constant scale heights, while this is not likely to be the case if they were formed through minor mergers.
Therefore, the properties of vertical disk profiles can help in understanding their formation processes. It appears that thick disk scale height is related to both galaxy mass (Yoachim & Dalcanton 2006) and Hubble type (de Grijs & Peletier 1997) . Moreover, some disk-dominated galaxies do not show an obvious thick disk, e.g. NGC 4244 (Fry et al. 1999 ; but see Comerón et al. 2011 , for evidence of a subtle thick disk), and some even have thick disks that counter-rotate relative to their thin disks (Morrison et al. 1994; Yoachim & Dalcanton 2005 ). These observations, taken all together, favor a merger-induced thick disk formation mechanism (see, e.g., Yoachim & Dalcanton 2005 , and references therein).
Interestingly, it has recently been shown by Purcell et al. (2010) and Zolotov et al. (2010) that minor and major mergers cannot only efficiently heat a pre-existing stellar disk, but also contribute to the building of galaxy halos. A trace of this heated population may be found in the inner Milky Way halo, as recently discussed by Nissen & Schuster (2010) .
Despite considerable effort, we are still far from having a detailed understanding of the origin and properties of galactic thick disks. In this paper, we investigate if N-body/SPH numerical simulations of minor mergers, with a mass ratio of 10:1 and 20:1, can produce realistic thick disks. We concentrate on certain aspects of post-merger thick disks -i.e., vertical surface density profiles and disk scale heights -that are well suited for comparison with the observed properties of thick disks in the Milky Way and nearby galaxies. In particular, we investigate the "excess" of stars at great heights (z>2 kpc) from the galaxy mid-plane that is naturally formed through minor mergers. This stellar excess, as already discussed by Purcell et al. (2010) and Zolotov et al. (2010) , may have contributed to the stellar population currently found in inner galactic halos. For the first time, we describe its main properties and the impact on them of initial orbital configurations, primary galaxy gas fraction and consecutive minor mergers. In addition, we compare the scale length ratios of the thick and the thin disk to observations, and the Toomre diagrams of minor mergers with that of the Milky Way. Furthermore, we will compare the vertical structure of thick disks formed through minor mergers and through scattering by clumps in the distribution of mass within the thin disk, and discuss the expected differences in their observable properties.
The paper is organized as follows. In § 2 we describe the numerical code, the initial galaxy models and orbital conditions adopted for simulation runs. § 3 presents the vertical structure and kinematics of merger-induced thick disks and their dependence on initial configuration parameters in our simulations. Finally, we discuss the results in § 4 and draw our conclusions in § 5.
Models and initial conditions
We study the interaction and coalescence of a satellite galaxy with a much more massive disk galaxy. These minor merger simulations are part of an on-going program to model and understand the role minor mergers play in the evolution of angular momentum and morphological and kinematic properties of galaxies (see also Qu et al. 2010) . The massive disk galaxy (primary galaxy) consists of a dark matter halo which is initially not rotating, a central bulge, and a stellar disk -hereafter we refer to this model with the nomenclature gS0 (=giant S0 galaxy). We also consider initial models containing a gaseous disk, whose mass, M gas , is 10% or 20% of that of the stellar disk, and to which we refer as "gSa" and "gSb", respectively. The spherical dark matter halo and the stellar bulge are represented by Plummer spheres (Binney & Tremaine 1987) and neither has any rotation at the beginning of the simulation. The stellar and gaseous disks are represented by Miyamoto-Nagai density profiles (Binney & Tremaine 1987) . Table 1 lists the total masses of the halo, bulge and disk components (M H , M B , M * and M gas ) and the core radii of the halo and the bulge (r H and r B ), as well as the vertical and radial exponential scale lengths of the stellar and gaseous disks (h * , a * and h gas , a gas ). The elliptical satellite galaxy has a total mass equal to 10% or 5% of that of the primary galaxy -we refer to these models as dE0 and sE0, respectively. It consists of a spherical stellar and a dark matter component, both modeled with initially non-rotating Plummer profiles, whose parameters are also given in Table 1 . As we have done in Qu et al. (2010) , all galaxy models are evolved in isolation for 1 Gyr before the interaction starts. The orbital parameters for these minor interactions have been described in Chilingarian et al. (2010 ,  Table 9 ) and Qu et al. (2010, Table 2 ) and we refer the reader to these papers for a detailed description.
In this paper, we follow the nomenclature adopted in Qu et al. (2010) , i.e., using a six-character string to indicate the morphology of the interacting galaxies: the first three describe the type of the primary galaxy, "gS0", "gSa" or "gSb", depending on its gas fraction, and the following three describe the satellite galaxy, dE0 or sE0. This is followed by the suffix "dir" or "ret", for prograde or retrograde orbits, respec tively. The subsequent two numbers, either "33" or "60", indicate the initial inclination of the satellite orbit with respect to the disk plane of the primary galaxy. Thus, for example, the nomenclature "gS0dE001dir33" refers to a prograde encounter between a gS0 galaxy and a dwarf elliptical satellite galaxy, with an initial inclination i = 33
• , whose initial orbital parameters are those corresponding to the id="01dir" case listed in Table 9 of Chilingarian et al. (2010) .
To study the effect of multiple mergers on the properties of post-merger stellar disk, we ran some simulations in which the primary galaxy accretes consecutively two satellites over a period of 3-5 Gyr. We have considered both the case in which both satellites coming from a fixed direction inclined 33
• with respect to the primary disk, as well as the case in which the second satellite comes from a different direction -hereafter we will refer to these models as "multi-A" and "multi-B" respectively. For example, the nomenclature "multi-A, 2×10:1" refers to the successive mergers of two satellite galaxies whose mass is one-tenth of that of the primary galaxy and whose orbits are inclined 33
• with respect to the primary disk.
All simulations (50 in total) were run using the Tree-SPH code described in Semelin & Combes (2002) . A total of N T OT = 528, 000 particles have been distributed between the primary and satellite galaxies (see Table 2 ) for all simulations. We also test the dependence of results on the particle number used in the simulation by running some additional simulations with a total of N T OT = 1, 056, 000 particles. A Plummer potential is used to soften gravity on small scales, with constant softening lengths of ǫ = 200 pc (ǫ = 170 pc for the high resolution simulations), for all particles. The equations of motion are integrated using a leapfrog algorithm with a fixed time step of 0.5 Myr. With these choices, the relative error in the conservation of the total energy is about 10 −6 per time step.
In this study we also compare the vertical structure of minor merger-induced thick disks with those generated by an internal process, through scattering by massive clumps formed in an initially unstable disk, as recently proposed by Bournaud et al. (2009) . For this, we analyzed two simulations of gas-rich, unstable disk galaxies from Di Matteo et al. (2008) . These use a total number of 120,000 particles, equally distributed among the gas, stars, and dark matter components, whose parameters are the same as those of the gSb model (see Table 1 ), except for the gas mass, which is initially 50% that of the stellar disk. These gas-rich galaxies are characterized by a very small initial Toomre disk stability parameter for the gaseous component (Q gas = 0.3 and Q gas = 0.1, hereafter called "gSb+u1" and "gSb+u2", respectively). Reducing the local disk stability causes the gaseous disk to fragment into many clumps, particularly in the "gSb+u2" case. Once formed, these clumps migrate towards the galaxy center; some dissolve under the influence of the tidal field of the disk, while others survive and merge in the galaxy center, contributing to the formation of the central bulge. As recently proposed by Bournaud et al. (2009) , these clumps can scatter stars in the pre-existing thin disk, contributing to the formation of a thick disk component.
Results
During the merging process, tidal interactions between merging galaxies deposit part of their energy into stellar motions in the disk of the primary galaxy, thus causing the disk to become kinematically hotter and to spread out both radially and vertically, changing its morphology as well as its kinematics. In this section we will analyze both dissipationless and dissipative minor mergers and their possible role in the formation of the thick disk.
Characteristics of the post-merger stellar disk
Here we investigate the vertical stellar distribution of remnant disks in minor mergers, for which we assume a generalized sech profile, Σ(r, z) = Σ r sech 2/n (− nz 2z 0 ), where Σ r is the radial exponential surface density profile and z 0 is the disk scale height. This profile can fit, for example, an isothermal sheet if n = 1, and an exponential if n = ∞ -the two limiting cases of this generalized profile. Based on the study of the three-dimensional distribution of disk stars, van der Kruit (1988) found that an intermediate disk model with n = 2 is the most appropriate (see also Schwarzkopf & Dettmar 2000) , which is also supported by the theoretical study of Banerjee & Jog (2007) . We analyze, as far as possible, the properties of remnant disks as they typically would be observed. First, we project the post-merger stellar disk to edge-on, then average the vertical surface density profiles on both sides of the stellar disk mid-plane and fit them using a sech profile with n = 2, i.e., sech(− z z 0 ), allowing the scale height parameter z 0 to be unconstrained. We also fit the disk scale height for the two limiting cases of the generalized sech profile, n = ∞ and n = 1: the exponential fit gives an on average 1.4 times larger disk scale height than the sech profile, whereas the sech 2 fit gives a value which is 0.8-0.9 times smaller.
The vertical stellar surface density profiles are analyzed between 0.5 and 1 Gyr after the merger is complete, at a time when the post-merger stellar disk has settled roughly into a new equilibrium configuration. At later post-merger times, i.e., t > 1 Gyr, the difference in disk scale height with respect to the value at t = 0.5 − 1 Gyr is no more than 15% inside r < 6r d . The stellar disk scale length, r d , has been evaluated by projecting the galaxy to face-on. The difference between the final and initial disk scale length is always small, ∆r d < 10%, except for dissipative minor mergers with a gas-to-stellar mass fraction f gas = 0.2, where the disk scale length shrinks by ∼ 15 − 20%. Thus the exact time at which the merger simulations are analyzed beyond 0.5-1 Gyr after the completion of the merger makes little difference in the final results. In this study we also mask the contribution of the bulge component by excluding stars that were initially in the bulge of the primary galaxy and we consider only stars which were initially in the disk of the primary galaxy or in the satellite.
We note that in the case of dissipative minor merger simulations, a new stellar disk forms during the merging process due to star formation in the gaseous disk. This "new" stellar disk component is thin, with scale heights of 300 − 400 pc only (see Fig. 1 as an example). We will not discuss in detail this newly formed thin disk component, but concentrate on the old stellar disk, i.e., the one that was already in place before the interaction, in order to make a direct comparison with that found in dissipationless mergers. We do not find any young stars at scale heights larger than that of the thin disk formed during the merger.
In the rest of this section, we will examine the vertical structure of the remnant disk after a single dissipationless minor merger, to illustrate the process of thick disk formation during a gas-free minor merger. We will present the vertical stellar distri- Fig. 1 . Stellar distribution in a gSb galaxy model in its initial configuration (left panel) and at 3 Gyr after the start of the simulation (middle and right panels). All panels show the galaxy from an edge-on perspective. Of the post-merger galaxy, both the original stellar population and the new thin disk formed during the merger are shown in the middle panel, while in the right panel we show only stars from the original stellar population of both galaxies. The thickening of the disk is entirely due to stars from the original thin disk and the satellite. The same color and contour scales are used in all panels. Surface density contours are spaced logarithmically and each panel is 40 kpc×40 kpc in size.
bution and the fitting results, and will later compare these properties with those of remnant thick disks found in dissipative or two consecutive minor merger simulations, as well as with thick disks formed through massive clumps in a gravitationally unstable disk.
3.1.1. Vertical structure of the post-merger thick stellar disk:
evidence for a stellar excess
The vertical surface density profile of a thick disk formed through a dissipationless minor merger is shown in Fig. 2 . This profile has been evaluated 0.5 Gyr after the completion of the merger. The main features of the profile fits are:
-A single sech function cannot fit the entire vertical profile. While the lower regions, at z≤2 kpc, can be described by a sech function, after removing this sech function there remains a large excess of stars at greater heights above the mid-plane (z>2 kpc); -This excess is especially prominent in the inner regions of the disk, at r 3r d , and it virtually disappears at larger radii; -The excess has a scale height several times larger than that of the main thick disk component (i.e., the one at z≤2 kpc): at r = 0, for example, the scale height of the stellar excess is z 0 ≈ 2.3 kpc, about 5 times that of the main thick disk component, which has z 0 ≈ 0.42 kpc; -The excess has a scale height that is approximately constant with distance from the galaxy center, while the thick disk scale height increases with radius, as already shown by Bournaud et al. (2009) and Kazantzidis et al. (2008) -this will be discussed further in § 3.2; -Due to this excess, two sech functions of different scale heights are needed to fit the entire vertical stellar profile.
Thick disk and stellar excess: formation, growth and composition
How do the thick disk and the stellar excess develop in the simulations? We show an example of the formation and growth of a thick disk in Fig. 3 . After the first pericenter passage of the satellite galaxy ( at t = 0.5 Gyr) the thin stellar disk component has already thickened and grown vertically, and after the second pericenter passage, at t = 1.5 Gyr, the stellar disk has acquired the double sech profile. Since the stellar excess is already in place well before the satellite merges with the primary it is not associated generally with stars from the satellite galaxy, but rather composed of stars which were initially in the primary disk and subsequently heated, reaching greater heights during the merging process. In all dissipative mergers and in most of dissipationless ones, stars initially in the disk dominate at all disk heights, in agreement with the results of Purcell et al. (2010) . Only in few dissipationless mergers do we find that the outer vertical profile is dominated by stars from the satellite galaxy. The formation of a double sech profile in the vertical density distribution is not due to the presence of the bulge. Although we excluded bulge stars from the analysis of the vertical profile of the thick disk, we did run simulations of dissipationless minor mergers with bulgeless galaxies. In these simulations we also found a stellar excess with characteristics very similar to simulations including a bulge component. In summary, stars in the stellar excess have their origin in different regions of the thin disk, which means that they are not only heated vertically, but also redistributed radially. As discussed in § 4, this has consequences for the expected metallicity gradient in the merger remnant.
Varying orbital and morphological parameters 3.2.1. Dependence on initial orbital configurations
Regardless of the initial orbital parameters (orbital energy and angular momentum, direct and retrograde orbits, initial orbital inclination of the satellite orbit) we always find a thickened stellar disk in the merger remnant, whose scale height increases with the radial distance along the major axis of the disk-plane (Fig. 4) . For the dissipationless mergers over the range r d < r < 3r d the scale height is z 0 = 1.4 − 2.5 kpc, or about 3-6 times larger than the z 0 value near the disk center, where z 0 = 0.4 kpc. The six sets of different orbital configurations produce a scatter around the mean value of |∆z 0 |/z 0,mean 15%. The increase in the disk scale height with radius implies that the disk heating is the most significant in the outer regions of the disk. We do not find such a strong thickening of the stellar disk if the galaxy is evolved in isolation for 3 Gyr (see Fig. 4 ): the disk scale height increases only marginally, less than 25% at r ∼ r d , and the thickening is independent of radius.
Early research in self-gravitating stellar disks suggested that the thick disk scale height is independent of radius, assuming that the vertical velocity dispersion decreases exponentially with radius and relates to the disk scale length as h vel = 2r d (van der Kruit & Searle 1981a). Narayan & Jog (2002) generalized this picture by taking into account the gravitational contributions from the gas and the dark matter halo and allowing the ratio h vel /r d to vary. Contrary to previous results, they found that scale heights increased with disk radius within 4 or 5 disk scale lengths, and that the h vel /r d ratio ranged from about 2 to 4.
As pointed out by Quinn et al. (1993) , in mergers of primary galaxies with their satellites, the stellar disk is heated in three dimensions and although the velocity dispersion profiles of the remnant disk are similar to those of the initial disk, they show more extended exponential profiles. Fitting both the initial and post-merger vertical velocity dispersion profiles with exponential functions, we found that while the initial profiles usually have h vel /r d ∼ 2, in agreement with an initial stellar disk of constant scale height, as assumed in our model, the h vel /r d ratio of the post-merger vertical velocity profile was increased to the range of ∼ 2.5 − 4, which is in agreement with what Narayan & Jog (2002) found.
From the definition of z 0 deduced from Poisson's and Jeans' equations, this link between the h vel /r d ratio and the thick disk scale height is not difficult to understand. Assuming the velocity dispersion follows an exponential profile, the definition of z 0 (see Eq.(3) in van der Kruit & Searle 1981b) can be rewritten as
where
ρ 0 (2πG) 1/2 and G is the gravitation constant. σ z (r = 0) and ρ 0 are the vertical velocity dispersion and the volume density at the galactic center, respectively. It is quite clear from Eq.(1) that z 0 is independent of radius if h vel /r d = 2, whereas z 0 increases with radius when h vel /r d > 2. Fig. 4 also shows the scale height of the stellar excess present in the vertical surface density profiles seen at z 4 − 5 kpc and r 3r d (see also Fig. 2 ). The final scale height of the stellar excesses in the simulations are independent of radius and are sensitive to the characteristics of the satellite orbit. Variations in the orbital parameters lead to a large scatter in the vertical scale height of the stellar excesses, of up to 30% (|∆z 0 |/z 0,mean 30%).
Dependence on satellite central density
Do the flaring of the thick disk and the scale height of the stellar excess found in Fig. 4 depend on the central density of the satellite galaxy? To investigate this point, we ran some simulations changing the central density of the baryonic component of the dE0 satellite, using satellites having a central volume density 50% higher (dE0h) or lower (dE0l) than the reference dE0 galaxy. A denser satellite heats the thick disk more effectively, especially in the inner regions of the primary galaxy (inside ∼ 2r d ), thus resulting in a thick disk scale height about 20% higher than that found after the merger of less dense satellites. However, no clear dependence on the satellite central density is found for the characteristics of the stellar excess (see Fig. 5 ).
Dependence on gas fraction
How does including gas in the primary galaxy's disk affect the outcome of these simulations? In Fig. 6 we compare the disk scale heights of dissipative minor mergers (with gas-to-stellar mass fractions f gas = 0.1 and 0.2) with those of dissipationless mergers. A thick stellar disk is present in all merger remnants, independent of the gas fraction in the primary, and its scale height always increases with radius. Dissipative mergers with f gas = 0.1 have similar scale heights as the dissipationless (gas-free) ones. However, in mergers with f gas = 0.2 a significantly thinner remnant stellar thick disk is formed, of which the The mass of the satellite is the same, but the central volume density is 50% higher (dE0m, dashed lines) or 50% lower (dE0l, dotted lines) than in the reference satellite dE0 (solid lines).
scale height at r > 2r d is on average ∼20%-30% smaller than in dissipationless mergers. Interestingly, this reduction is comparable to the 25% found for 10:1 dissipative mergers with 20% gas fraction by Moster et al. (2010) , which indicates that their conclusions are robust to the use of different initial galaxy models, orbital conditions and numerical codes.
On the other hand, the stellar excess in dissipative minor mergers still has scale heights that are independent of radius, and very similar to those found in dissipationless mergers (see left panel in Fig. 6 ). This implies that the dissipative gas component and further induced star formation mainly affects the higher density regions close to the remnant disk mid-plane and that it has almost no effect in regions at greater heights above the disk midplane. This is consistent with the excess being predominately due to tidal effects early in the merger event. 
Dissipative minor mergers versus clump instabilities
It is of great interest to investigate the differences in the properties of merger-induced thick disks to those formed by secular processes such as scattering due to clumps formed in a gravitationally unstable disk, as recently suggested by Bournaud et al. (2009) . To this end, we compare the vertical surface density profiles of thick disks induced by minor mergers with those formed in gas-rich galaxies which are initially unstable to clump formation and were evolved in isolation for 3 Gyr (see § 2 for details of these galaxy models). We found that the resulting scale height in the clumpy isolated galaxies is about 2 times larger, z 0 ≈ 0.85, than the initial value and nearly constant with radius, thus confirming the results of Bournaud et al. (2009) . Scattering by gas clumps do not only produce thick disks with constant scale heights, but also vertical surface density profiles which do not show any stellar excess (Fig. 7) . In principle, this may indicate an observational way to distinguish a secular from a merger origin for thick disks. We will elaborate on this further in the § 4.
Consecutive minor mergers and their impact on the thick disk and stellar excess scale heights
In hierarchical structure formation scenarios, galaxies grow through both minor and major mergers and periods of gas accretion from either cooling gas in their halos or from cosmic filaments. Satellite accretion is expected to be quite common in a ΛCDM universe and important for galaxy growth (Guo & White 2008) . The dynamical timescale for a satellite in the dark matter halo of a significantly more massive primary galaxy can be, and often is, long compared to the merging time scale. In such a situation we may expect multiple minor mergers to be common since this allows the primary galaxy to have several satellite galaxies that have yet to merge. What is the effect of consecutive mergers on the vertical stellar distribution of disks and their impact on the thick disk and stellar excess? Do the effects "saturate" -in other words, does the additional heating caused by each subsequent merger have an increasingly smaller effect on heating of the disk? In order to gain insight in this, we compared the impact on the heating of the disk of a single minor merger to that of two sequential minor mergers. We adopted four merger histories and two mass-ratios -a single 20:1 merger and two sequential 20:1 mergers, a single 10:1 and two sequential 10:1 mergers, which we will label as 20:1, 2×20:1, 10:1, and 2×10:1, respectively. All of these merg- Fig. 7 . Vertical density profiles of the post-merger stellar disk in a dissipative minor merger with f gas = 0.2 (upper panel) and of an isolated "clumpy disk" galaxy with f gas = 0.5 (lower panel). Profiles are shown at four different exponential disk scale lengths, r d , from the galaxy center along the major axis of the galactic mid-plane. The best fitting sech(z) functions to these profiles and corresponding scale heights are also shown (in red).
ers are dissipationless and intended only as an initial exploration of the effects of multiple minor mergers on galaxy disks.
The vertical surface density profiles of the remnant of a 20:1 and a 2×10:1 merger are shown in Fig. 8 . Comparing these profiles with those of a single 10:1 merger (Fig. 2) , we find, as expected, that the thickness of the final disk increases with the total mass acquired by a galaxy through mergers. In other words, the more mass accreted, the more internal energy accrued, and the more efficient the heating of the stellar disk. But changing the mass of the satellite has an impact also on the formation and resultant scale height of the stellar excess. A 20:1 minor merger bring less energy to the system, which means not only a smaller thick disk scale height, but also a obscure stellar excess: stars originally in the thin disk are not heated enough to reach high vertical distances from the galaxy mid-plane. On the other hand, a 2×10:1 heats the thick disk considerably, especially in the outer parts. This depends on our original definition of thick disk and stellar excess. The behavior of thick disk and stellar excess scale heights as a function of radius, for six representative single and two consecutive mergers, is shown in Fig. 9 .
In the outer regions, beyond 2r d , the scale height of the remnant disk in the single 10:1 minor merger case is ∼1.5 times larger than in the 20:1 merger, whereas the 2×20:1 merger has a similar disk scale height as a single 10:1 minor merger. Varying the orbital inclination of the second satellite ("multi-A" and "multi-B" cases) only causes a rather trivial change in the disk scale height. The effect on disk scale height of two 20:1 mergers appears to be cumulative, and almost the same as for a single 10:1 merger (Fig. 9) . Thus comparing a 2×10:1 merger is like comparing with a 4×20:1 merger, provided the effect of multiple mergers does not saturate. From the very simple arguments of Liouville's theorem and the conservation of energy, this is expected to be the case for dissipationless systems (Binney & Tremaine 1987) .
In our simulations of a 2×10:1 minor merger, after the first 10:1 merger the resultant thick disk still responds dynamically to the heating induced by the subsequent 10:1 merger (Fig. 9) . After the second merger the final disk scale height is 1.5−2 times larger than in a single 10:1 merger. Similarly, the stellar excesses found at greater heights in the vertical stellar distribution have also increased in the subsequent merger events (Fig. 9) -their disk scale heights after a single 10:1 merger are 1.5 times larger than that after a single 20:1 merger. In the 2×10:1 mergers, their scale heights are not only ∼ 1.4 − 2 times larger than in single 10:1 mergers but they also increase with radius. Thus, we find that the effect of two consecutive minor mergers in dissipationless systems does not saturate but is cumulative. However, we note that after the second 1:10 merger the stellar excess begins to develop a scale height that depends (weakly) on radius, and is more pronounced at larger radii where its scale height becomes very similar to that of the thick disk itself (Fig. 9) . Thus, at least for the highest mass ratios and in the outer disk, the stellar excess becomes almost indistinguishable from the thick disk. For most of our two consecutive interaction models we confirm what Fig. 9 . Scale heights of the merger-induced thick disk and stellar excess as function of radial distance in units of disk scale length, r/r d , after a single or two consecutive minor mergers. We show single mergers with a mass ratio of 10:1 and 20:1, and 2×10:1 and 2×20:1 consecutive merger events. In the consecutive merger cases the satellites are either accreted from the same direction (multi-A) or from different directions (multi-B).
we found for the single mergers, that is stars from the primary disk galaxy dominate the vertical stellar distribution everywhere in the thick disk.
Kinematics of thick disk and stellar excess
Do the thick disk and stellar excess have similar kinematic properties? A detailed study of various kinematic properties of minor merger remnants will be made separately (Qu et al. 2011) , and here we will discuss only one of the kinematical characteristics of the stellar excess: its rotational lag with respect to thick disk stars. This rotational lag is clear in Fig. 10 , where the tangential velocity of stars is shown as a function of the vertical distance from the galaxy mid-plane, for a dissipationless and a dissipative merger. In both cases the tangential velocity decreases with distance from the mid-plane, thus indicating that stars far from the mid-plane plane, which populate the stellar excess, have lower specific angular momentum than stars in the thick disk (which are closer to the mid-plane). This is consistent with the trend found by Di for the eccentricities of stellar orbits after minor mergers: stars tend to move on more eccentric orbits as their vertical distance increases and thus tend to rotate more slowly than they did originally.
This increase in the rotational lag is qualitatively in agreement with observations (Ivezić et al. 2008) , and based on our models we would expect to find high metallicity, small lag stars at low height, and stars with lower metallicity and larger lag at greater height -this is due to the way the thick disk is formed in our model, through the heating of a thin disk that continuously forms stars.
Discussion
To what extent do the properties of our modeled thick disks formed through minor mergers agree with observations? As previously discussed by Purcell et al. (2010) and Zolotov et al. (2010) , minor mergers are able to considerably heat a preexisting thin disk. We have shown ( § 3.1) that the resulting stellar vertical profile is characterized by a thick disk component and a stellar excess, both of which can be fitted by sech profiles with different scale heights. The excess is a natural characteristic of minor merger models, which cannot be reproduced by secular mechanisms, not even through scattering by clumps in unsta- Fig. 10 . Tangential velocity profiles of the post-merger stellar disk as function of height from the galaxy mid-plane in dissipationless (upper panels) and dissipational (lower panels) minor mergers with a gas mass fraction of 0.2. Profiles are shown at different disk scale lengths, r d , from the galaxy center along the major axis of the galactic mid-plane. ble gas-rich disks. Identifying these excess stars and determining their properties may thus provide a way to constrain thick disk formation scenarios, but they may be confused with stars in the inner halo and be difficult to find and study in practice (Stanway et al. 2008; Carollo et al. 2010) .
Interestingly, some of the excess stars may already have been observed. Nissen & Schuster (2010) reported the presence in the solar neighborhood of stars with halo kinematics, but α/Fe abundances similar to those of thick disk stars. These stars may well be part of the stellar excess component, as we have shown ( § 3.5) that excess stars lag rotationally with respect to thick disk stars. If the Milky Way thick disk formed through the heating of a pre-existing thin component by minor mergers at early epochs, we should expect to find an inner halo population (the excess), with abundances similar to those of stars in the thick disk, but lagging with respect to them. Compared to stars originally in the thin disk, stars accreted from satellite galaxies may have abundances which are lower (though probably higher than those of dwarf galaxies currently orbiting in the Milky Way halo) and probably also a lower angular momentum content (see Villalobos et al. 2010) . In summary, in the merger scenario the inner halo stars would probably have a population with abundances similar to those of the thick disk, lagging with respect to thick disk stars, but rotating more rapidly than accreted satellites.
The Toomre diagram shows the relationship between the total radial and vertical kinetic energy of stars and the rotational Fig. 11 . Toomre diagrams of stars at 2-3r d after a prograde minor merger (left), a retrograde minor mer ger (middle) and in a clumpy disk evolved in isolation for 3 Gyr. Plotted are the quadrature sum of vertical and radial velocities (u and w) as function of the rotational velocity, v, relative to the Local Standard of Rest. The primary galaxy in the merger models has a gas-to-stellar mass ratio of f gas = 0.2. The dashed line marks a total velocity of 180 km s −1 , which serves as a potential criteria to separate thick disk stars and halo stars (Venn et al. 2004) , and the dotted line is the Local Standard of Rest in these models. Also shown are the observed thick disk stars (triangles), halo stars with high α/Fe abundance (squares) and low α/Fe value (crosses) in the solar neighborhood, see Nissen & Schuster (2010) for further details. The halo stars in retrograde motion are shown in green whereas those in prograde motion are in blue. energy relative to the Local Standard of Rest (Sandage & Fouts 1987) . As it is based on kinematic energy, it provides us with an appropriate tool to evaluate the results of our models, which are kinematic in nature, and a way to compare with the kinematic properties of various components in the Milky Way.
In minor merger models the stellar excess stars lie exactly in the area of the Toomre diagram where α enhanced stars are found (Nissen & Schuster 2010) , thus strengthening the hypothesis that they may originally have been in the thin disk. Of course, the dynamical and chemical properties of thick disks and halos will depend on the properties of the satellite galaxy. We expect the scatter in the dynamics and metallicity to increase with vertical distance, as the fraction of satellite stars increases with height. On the other hand, the clumpy disk model does not reproduce the Toomre diagram of the Milky Way (see the right panel of Fig. 11 ), since it cannot heat disk stars as efficiently in the vertical direction as minor mergers do. It should be pointed out that our models agree with the Toomre diagram of the Milky Way, although they are neither tuned to reproduce the Milky Way galaxy, nor meant to capture the complex accretion history that it may have had.
Adding a dissipative component (gas) decreases both the vertical scale height and the radial scale length of the thick disk created during a minor merger (see § 3.3). For a gas-tostellar mass fraction f gas = 0.2, the decrease in thick disk scale height is about ∼20% with respect to the dissipationless case, and the decrease in scale length is up to 15%-20%. The ratio of thick disk scale length and particle-number-averaged scale height (r d /z 0,aver ) is shown in Fig.12 as function of the circular velocity of the disk, v cir , for simulations with a variety of mass ratio, gas fraction and merger histories. Here v cir is estimated at 4 times the disk scale length, r d , where the disk rotation curve becomes flat, and z 0,aver is the number-of-particles-weighted average thick disk scale height within r < 4r d . Since all our primary galaxies have the same mass, as we are basically concerned with primary:satellite mass ratios in our merger simulations, we only sample a single circular velocity. However, we note that more or less massive primaries would produce similar results. We compare our results with observations of late-type galaxies and the MW (Larsen & Humphreys 2003; Yoachim & Dalcanton 2005) . For all our minor merger models, whether gas-free or with gas, or single or double merger events, the ratios are consistent with those of extragalactic thick disks and the Milky Way old thick disk. Without a gas component, two consecutive mergers effectively halve the ratio by doubling the disk scale height and keeping the radial scale length almost unchanged. The impact of accreting additional gas on the scale height of the thick disk (which is likely to lead to its contraction) would likely lower the r d /z 0,aver ratio, irrespective of whether this additional gas is accreted by merging of gas rich satellites or through accreting gas from the halo or intergalactic medium.
Also shown in Fig. 12 are the ratios for two thick disks formed through internal clumps scattering, which are radially more extended but less thick. Their ratios are on average about 2 times larger than those of the observed thick disks. In this case, additional gas accretion from the galaxy halo or surroundings would only increase the discrepancy between observations and the models.
The loss of angular momentum in the gas during the merger causes both the deepening of the gravitational potential and enhanced star-formation in the densest regions of the disk, which is expected to lead to a larger scale length of the thick disk than of the thin disk newly formed during the merger. This is also supported by observations (Pohlen et al. 2007) . In order to estimate the scale length of the thin disk, we consider only stars at disk height |z| < 1 kpc, whereas stars at greater heights (1 < |z| < 5 kpc) are considered to constitute the thick diskas was done in the analysis of observations of external galaxies (e.g., Neeser et al. 2002) . A comparison between our results and observations (Fig. 13) shows a very good overall agreement in the ratio of thick to thin disk scale lengths. This is a natural outcome of minor mergers with a primary disk containing gas and does not require any fine tuning. Stewart et al. (2008) , in a study of the merger history of dark matter halos, found that virtually every MW-sized halo has experienced at least one minor merger with mass ratio 10:1 in the last 10 Gyr (see also Guo & White 2008) . One minor merger of mass ratio 10:1, as we have shown, is not going to destroy the disk and leads to something that looks like a thin+thick disk. However, the effect of dissipationless minor mergers on thickening the stellar disk is cumulative. If the merger frequency is higher, then the merger-induced disk thickening will efficiently Fig. 12 . Ratio of the thick disk scale length and scale height as function of circular velocity, v cir , for five of our dissipative/dissipationless and single/double minor merger models, as well as for two unstable gas-rich clump disk models (gSb+u1 and gSb+u2, see Fig. 6 for the notations). Also shown are observations of a sample of late-type galaxies from Yoachim & Dalcanton (2005) (open and filled circles) and of the thin and old thick disk of the Milky Way (Larsen & Humphreys 2003) .
destroy the original thin disk, leading to a spheroid dominated early type galaxy. This predicament implies that the evolution history of most disk galaxies must be relatively quiet and suggests that there is a limit to how much mass can be accreted solely through minor mergers. However, we have yet to investigate dissipative multiple mergers and expect that the addition of gas will allow some additional dissipation of the energy and angular momentum of the merger. This would also have the effect of erasing the perhaps unique signatures of the timing of the previous event and result in a more complex evolution (see also Brook et al. 2005) .
The question arises if metallicity or metallicity gradients can be used to distinguish between various thick disk formation models. Within a cosmological context, Brook et al. (2005) discussed that merger-induced star-formation and on-going gas accretion could result in a thick disk stellar population with a homogeneous age and metallicity distribution. In local edgeon galaxies (Mould 2005; Seth et al. 2005; Rejkuba et al. 2009 ), no-significant vertical color gradients are observed, which suggests the absence of metallicity or age gradients. Although some disk galaxies in the local universe show strong radial metallicity gradients (e.g., Shields 1990), they do not constitute a stringent test of the merger hypothesis, given the dependence on the preexisting disk and the strong mixing expected.
Our models would not necessarily predict a strong radial or vertical gradient in metallicity or age, for two main reasons: the first is that a vast majority of the stars in the thick disk at heights 4-5 kpc are dominated by stars originally in the thin disk, which implies that any radial or vertical gradients in either age or metallicity depend on the properties of the pre-existing disk and not on the properties of the merging satellite galaxy. The second is that mergers are effective in radial mixing, as the induced changes in the orbital families of the disk and in the velocity dispersion would diminish any intrinsic gradients that the original disk may have had (Haywood 2008; Schönrich & Binney 2009 ).
Furthermore, accreting gas from either the surrounding dark matter halo or cosmic filaments will lower the disk scale height over time. This would have the impact of increasing the ratio of the scale lengths of the thin and thick disks. We have found good agreement for this ratio between our simulations and observations of nearby galaxies (Fig. 12) . The agreement would still be reasonable if the scale height of the thick disk were to decrease by almost a factor of 2 (through an accretion-induced increase in the mass surface density of a factor of 2) in our minor merger simulations. For the unstable disk models, which already produce a ratio that is too large, a decrease in the scale height would make the discrepancy even worse.
However, we have yet to investigate multiple mergers which are separated by episodes of significant gas accretion from the halo or filaments. We would expect that such gas will allow for additional dissipation of energy and angular momentum of any subsequent mergers and make the disk more robust against destruction. Thus if gas accretion is important for galaxy growth, the limit on the number of minor mergers before the effective destruction of the disk may be larger than indicated by the results presented here.
The caveat is of course that the variance in the metallicity of the thick disk stars will have increased if the stellar population of the disk has evolved significantly in between merger events. Of course, if gas is accreted and depending on its metallicity and how much star-formation occurs, the metallicity of the disk may have increased or perhaps even decreased. Therefore, for an inherently stochastic process like the minor merger-induced thick disk formation scenario, the key factor for determining the characteristics of the mergers is not the mean value of the stellar metallicity, but its variance in abundances (Richard et al. 2010) .
As observations indicate that thick disks are clearly distinct from the thin disk component (e.g., Prochaska et al. 2000; Feltzing et al. 2003; Bensby et al. 2004a,b; Bensby & Feltzing 2006; Fuhrmann 2008 ) and that they must have formed early and relatively fast, this implies that the only viable formation scenarios are those that form thick disks early, with the thin and the thick disk aligned -with either a parallel or a perpendicular angular momentum vector -and with a generally relatively larger scale length for the thick disks (Pohlen et al. 2007 ). The minor merger-induced thick disk formation scenario merely requires a pre-existing disk in order to work. In all other scenarios the thick disk either relies critically on the pre-existing disk itself, with the thick and the thin disk at least partially co-evolving -as in the secular evolution models, which must also explain lagging and counter-rotating thick disks -or the thick disk predates the thin disk formation. The difference in scale lengths of the thick and thin disks and the weak chemical and dynamical relationship between the two suggest that any viable mechanism should preserve their rough alignment and have much of the mass of the thin disk form later. Clearly, an early phase of multiple minor mergers would be consistent with the data if such a phase were to last sufficiently long to allow for some enrichment due to type Ia supernovae. Issues of timing and total accreted mass are also important, so as not to destroy the disk completely, which would then provide a natural way for the angular momentum vectors to remain parallel over a Hubble time.
Because mergers can cause strong gas inflows (e.g., Montuori et al. 2010) , we would also expect that the properties of the merger-induced thick disk relate somehow to the bulge growth. Although not discussed in detail in this study, we indeed find that the bulge component does grow during minor mergers, thus slowly shifting the galaxies towards earlier Hubble types, and that the effects of minor mergers are Fig. 13 . Comparison between observations and our model results of thick-to-thin disk scale length ratios, r d,thick /r d,thin , as function of circular velocity, v cir , from our minor merger models with two gas fractions, f gas = 0.1 and 0.2, and two clumpy gas-rich disk models (gSb+u1 and gSb+u2, see § 2 for the notations). Observations are shown for samples of late-type spirals (Yoachim & Dalcanton 2006 , solid black and open circles), (Wu et al. 2002; Abe et al. 1999; Neeser et al. 2002, diamond and triangles) , a sample of early type galaxies (Pohlen et al. 2004 , diamond with a cross) and the Milky Way (Larsen & Humphreys 2003, square) . In addition, a cosmological simulation is shown (from Brook et al. 2004, asterisk) . cumulative in thickening the disk. A natural outcome of minor mergers is therefore that both the significance and scale height of the thick disk should be related to whether a galaxy is a late-or early-type disk type. Moreover, since mergers can have a wide range of initial orbital parameters, we would expect to find counter-rotating thick disk stars if the interaction are violent enough or that the some satellites haves sufficiently high density to begin to contribute significantly to the kinematics of the thick disk (Qu et al. 2011) . Observations have suggested that the thick disk scale height is related to Hubble type (de Grijs & Peletier 1997) , that some disk dominated late-type galaxies do not have significant thick disks, and that some thick disks counter-rotate (Morrison et al. 1994; Gilmore et al. 2002; Yoachim & Dalcanton 2005) .
Finally, our galaxy models show properties typical of local disk galaxies. Although the details are controversial, if the MW formed both its halo and thick disk at around the same time, over 10 Gyr ago (Prochaska et al. 2000; Feltzing et al. 2003; Bensby et al. 2004a,b; Fuhrmann 2004) , then the initial conditions of the MW disk would have been probably different from what we assumed. However, due to the lack of knowledge of the properties of disks in the early universe, the initial conditions adopted for our galaxy models represent a reasonable starting point for an exploration of the impact of gas fraction, orbital parameters and merging history on thick disk formation.
Conclusions
We used N-body numerical simulations to investigate if minor mergers are a plausible mechanism to form thick disks that have morphological and kinematic properties consistent with the observations, in particular the vertical surface density profile and the disk scale height. We explored in particular the stellar excess formed through minor mergers. The possibility that minor mergers can scatter stars originally in the thin disk (or in the bulge) to large heights from the galaxy mid-plane has recently been pointed out by Purcell et al. (2010) and Zolotov et al. (2010) , but we have for the first time systematically studied the properties of this excess: its vertical distribution, its dependence on gas fraction, orbital parameters and consecutive mergers. Our minor merger simulations cover a variety of initial configuration parameters, e.g. gas-to-stellar mass fractions ( f gas = 0, 0.1, and 0.2), initial orbital energies and orientations, two different mass ratio (20:1 and 10:1), as well as the cumulative effect of two consecutive dissipationless minor mergers.
The main results of our study can be summarized as follows:
-Minor interactions efficiently and gradually start heating preexisting thin stellar disks from the first pericenter passage of the satellite galaxy, well before merging is complete. The resulting vertical surface density profile of the stellar thick disk is characterized by a sech function. Furthermore, a stellar excess is visible in the profile at greater heights z 4 − 5 kpc in the inner regions (r 3R d ), which can also be fitted by an additional sech function with a relatively larger scale height. Due to this excess, a double-sech profile is necessary to fit the entire vertical surface density profile; -Usually the vertical stellar profile is dominated at all disk heights by stars that were initially in the disk of the primary galaxy. Only in a few dissipationless merger models we find that the stellar excess at greater heights is dominated by the contribution of satellite stars; -The excess has morphological and kinematical properties which are distinct generally, but see the 2×10:1 case in Fig. 8 from those of thick disk stars (however, see our most massive accretion simulation in Fig. 8 , the 2×10:1 case); -The scale height of the stellar excess is constant in radius, while the thick disk scale height increases with radius -this disk flaring is a characteristic of thick disks formed by minor mergers, as shown previously by Bournaud et al. (2009) ; -The scale height of the thick disk decreases with an increase in the gas-to-stellar mass fraction of the primary disk, while that of the stellar excess does not: no significant dependence on the gas fraction in the primary disk is found, at least for f gas ≤ 0.2; -The effect of two consecutive mergers is cumulative, both on thick disk and stellar excess scale height. However, obviously, after some number of consecutive mergers, their impact will saturate, but the exact number necessary for this will depend on a variety of factors such as mass ratio, orbital parameters, etc, which has yet to be explored; -Stars in the stellar excess rotate slower than stars in the thick disk, and their kinematics are compatible with those of high-α abundant stars found recently by Nissen & Schuster (2010) in the solar neighborhood; -In minor mergers the scale length of the thick disk is larger than that of the thin disk, consistent with observations of the Milky Way and other nearby galaxies. In simulations with higher (or lower) gas fractions the ratio of thick to thin disk scale lengths is lower (or higher). Whereas ratios larger than one are a natural outcome of minor mergers, the evolution of a "clumpy disk" (simulating, at least to some extent, the influence of secular processes on the evolution of the disk) produces small ratios that are generally inconsistent with observations. Subsequent gas accretion from the halo, or along filaments in the inter-galactic medium, will likely decrease the thick disk scale height. While this does not represent a major problem for the minor merger scenario, for the unsta-ble disk model it makes its discrepancy with observations worse.
We also compared the properties of thick disks formed by minor mergers and through strong scattering by self-gravitating clumps in unstable gas rich disks (a secular "clumpy disk" scenario). We find that the clumpy disks have smaller disk scale heights, z 0 ≈ 0.85 kpc, which are independent of radius (in agreement with the results of Bournaud et al. 2009 ) and unlike the merger-driven thick disks. The thick disks formed through scattering do not show any stellar excess at large disk scale heights, unlike the merger simulations. Thus a possible way to distinguish between this secular thick disk formation scenario and minor merger models is to investigate the radial distribution of scale heights, as well as the presence and properties of the excess component in the vertical stellar profile at large disk heights.
Our results also put limits on the amount of accretion that thin disks can undergo in their lifetimes. This is not a simple function of accreted mass, as merger-induced star formation within the pre-existing disk will act to both stabilize the disk against destruction and to limit the mass fraction of thick disk stars by dissipating part of the energy of the interaction. Another component which may play an important role in thick disk formation is the bulge component, as observations have implied that thick disk properties relate to the Hubble type. The existence of a pre-merger bulge component, or its growth during the merger process, could prevent the stellar disk from being tidally distorted, or weaken the disk heating, and thus result in a relatively less thick stellar disk in the post-merger phase. Detailed study of the interplay between galactic bulge growth and thick disk formation could further our knowledge of the thick disk component as well as galaxy evolution in general.
